Abstract The self-healing capability of bituminous materials has been known for many years. Researches were mostly focused on the self healing behaviour during load repetitions. The tests are either time consuming and/or complex. In this paper, a simple self healing test procedure is presented combining the fracture-healing-re-fracture test (FHR) with morphological observations. A fast displacement speed loading was applied first to produce a flat open crack with a crack width of 100-200 μm. Then the specimen was placed in a silicone rubber mould to heal. Various healing periods, temperatures and material modifications were applied. Fluorescence microscopy was used to observe the morphological change during the healing periods. After healing, the specimen was re-fractured under the same condition as the original fracture test. The experimental results indicate that the self healing capability, which was quantified by the re-fracture strength, increases with increasing healing time and increasing healing temperature. A strength recovery master curve at any healing temperature can be obtained through a timetemperature superposition principle. When comparing the strength recovery master curve with the morphological healing observation from fluorescence microscopy, the healing process observed in this paper is believed to be a viscosity driven process, consisting of two steps namely crack closure and strength gain. A StyreneButadiene-Styrene polymer modified bituminous mastic shows lower healing capability than a standard 70/100 penetration grade bituminous mastic. The test procedure proposed in this paper is proven to be simple and effective for evaluating and comparing the self healing capability of bituminous materials.
Introduction
The self healing capability of bituminous materials has been known for many years [1, 2] . Various healing investigations were carried out to qualify and quantify this phenomenon. It is known that self healing capability is a quite complex phenomenon, which is dependent on different factors including healing time, healing temperature, crack phases, material modifications and confinement. Different approaches have been developed, such as the discontinuous fatigue test with different rest period/load period ratio [3] , the fatigue-healing-refatigue test [4, 5] , the intrinsic two-piece healing test [6, 7] and the fracture involved healing test [8, 9] . For details of these approaches the reader is referred to the literature review made by Qiu [10] . Most of the time, the self healing capability is investigated with the fatigue test with healing rest periods, which is very complex and time consuming. Hence, there is a need to evaluate the self healing capability in a simple and effective way.
Hammoum and Millard developed a simple repeated local fracture test to investigate the self healing properties of pure bitumen [8, 11] . The bitumen binder was held between two hemispheric protuberances simulating two aggregates into the asphalt mix. All the tests were carried out at 0°C. A displacement controlled tension loading was applied to the system with a displacement speed of 12.5 μm/s for 4 s. After loading, the system moved back to the initial gap-thickness between the spheres. Then healing of possible cracks was carried out with healing time intervals of 2 min and 2 h. During the healing period, a slight compressive load of 50N was applied on the sample holder. After the healing period, the loading was applied again. After 2 h healing, the bitumen could almost recover to its original fracture property regarding the loading and the reloading curve.
The authors of this paper performed investigations on self healing capability of different types of bitumen using a direct tension test (DTT) [9] . A dog-bone shape direct tension bituminous sample made from a silicone rubber mould was cut into two equal parts with a sharp knife at 5°C. Then the two cut surfaces were brought into contact with each other, placed into the silicone rubber mould and stored at room temperature (around 22°C) for 3, 6, 20 and 48 h. After the healing period, the strength was determined in a DTT test at 0°C at a displacement speed of 10 mm/min. It was shown that after 6 h healing periods at room temperature, the strength was recovered to the value of the original undamaged specimen.
Hence, the fracture involved healing test procedure seems promising to investigate the self healing capability of bituminous materials in a simple and effective way. However, the methods proposed in the literature were too empirical. Neither of the test methods gives clear information on the crack situation, which is believed to be important for quantifying the self healing capability. In order to describe the cracked situation, a microscopy observation was added to the fracture-healing-re-fracture procedure (FHR). The usefulness of this new procedure for the evaluation of the self healing capability of bituminous mastic will be described in this paper.
Experimental

Materials
Two types of bituminous binders were used in this research: & A standard 70/100 penetration grade Kuwait Petroleum bitumen with a penetration of 93 (0.1 mm) at 25°C, and a softening point of 45°C; & A Styrene-Butadiene-Styrene (SBS) polymer modified bitumen from Shell with a penetration of 65 (0.1 mm) at 25°C, and a softening point of 70°C [12] .
Bituminous mastics were produced by mixing the bituminous binders with a Wigro limestone filler with a mass ratio of 1:1. In this paper, the mastic with the 70/100 penetration bitumen is called PBmas, and with the SBS polymer modified bitumen is called SBSmas. Master curves of the complex modulus and the phase angle of the PBmas and the SBSmas at a reference temperature of 0°C are shown in Fig. 1 .
Test Procedure
The FHR tests were carried out using a Direct Tension Test Machine (ATS 900DTTS) with a temperature chamber. The experimental procedure is discussed below and also shown in Fig. 2: 1.E-05
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1.E-01 1.E+00 & Preparation. Before the FHR test, the samples were made in a preheated silicone rubber mould, and covered with another piece of preheated silicone rubber in order to get the same texture at each side of the specimen and to avoid the temperature effect on samples [13] . After cooling in the refrigerator, the samples were de-moulded and placed in the temperature chamber of the DTT machine for at least 2 h at 0°C. & Fracture. The original samples were fractured using a displacement speed of 100 mm/min at 0°C. & Healing. The two broken pieces of the specimen were placed back into the silicone rubber mould to heal. Due to the limited deformation of the sample after failure, the two broken pieces fit nicely into the mould with a visible crack as it is shown in Fig. 3 . Various healing temperatures of 10°C, 20°C and 40°C and healing periods of 3 h, 6 h and 24 h were applied for both the PBmas and the SBSmas.
& Microscopy observation. An Olympus Fluorescence
Microscopy was also used to investigate the morphological change of the sample during the healing period at ambient temperature (around 25°C). The observation times were 0, 1, 3, 8 and 18 h. & Re-fracture. After the healing periods, the specimens were conditioned back to 0°C for at least 2 h and then de-moulded. The specimens were re-fractured afterwards with a displacement speed of 100 mm/min at 0°C.
The self healing percentage was calculated by the refacture strength of the healed sample divided by fracture strength of the original sample:
Where, H is the self healing percentage S refracture is the strength of the re-fractured samples S fracture is the strength of the original fractured samples.
Results and Discussions
Specimen Geometry
Prior to the FHR test, special attention was given to the geometry of the specimen. Previous healing tests were done with a standard DTT specimen [9] . However, the DTT specimens were shown to be not suitable for self healing investigations because of the following reasons. Firstly, a sudden break of the normal DTT specimens during the fracture test would cause the sample to break into more than two pieces, making further healing and re-fracture impossible. Secondly, in order to get an indication of the healing of the crack, the re-fracture surface was supposed to be the same as the fracture surface. However, sometimes the re-fractured sample did break at a different place than the first fracture surface, which caused variable results. Hence, there is a need for a special specimen geometry for self healing investigations.
As it is shown in Fig. 4 , inspired by fracture-mechanics based fracture tests reported in literature [14] [15] [16] , specimens were developed with a stress concentrated shape. Two types of stress concentrated specimens were developed namely a double-edge notched shaped specimen (DN) and a double-edge parabolic shaped specimen (DP). A standard dog-bone shaped DTT specimen was used for comparison. Figure 5 shows the stress concentration ratio of the developed specimens via Finite Element Modelling [17] . For simplicity, an elastic modulus of 50 MPa and a possion's ratio of 0.45 were arbitrarily chosen and assigned to the bituminous mastics. A tension load of 100N was applied. The stress concentration in the middle of the DN and DP specimen can clearly be observed. However, for a standard DTT sample geometry, the stress distribution in the middle part is almost constant, which makes it not possible to predict the breaking point. This can also explain why the standard DTT sample could break into more than two pieces in a fracture test.
After several trials, a displacement speed of 100 mm/min at a temperature of 0°C was chosen for the fracture test condition. Figure 6 shows the fracture curves of different geometries for a displacement speed of 100 mm/min at a temperature of 0°C. The DN specimen and the DP specimen show similar fracture behaviour. However, in practice, the de-moulding of the DN specimen from the silicone rubber mould is very difficult. Because of its high stress concentration in the notch, it can be damaged easily during de-moulding. While the DP specimen showed a much better workability.
In Fig. 7 , the failed specimens with different displacement speeds are compared. The sample suddenly breaks in the middle with a displacement speed of 100 mm/min because of stress concentration. However, the specimen which was tested at a displacement speed of 10 mm/min shows alligator shape cracks in the middle of the specimen. The micro cracks and macro cracks are initiated and propagated all in the sample instead of a sudden break. As a result, the DP specimen with a displacement speed of 100 mm/min at a temperature of 0°C was used in the FHR test. Figure 8 shows the FHR test results of the PBmas and the SBSmas. As bituminous materials indicate timetemperature dependency, such feature can also be observed for the self healing process. The healing percentage increases with increasing healing time and increasing healing temperature. The following observations can be made when comparing the healing speed of the PBmas and the SBSmas. The healing percentage of both the PBmas and the SBSmas is only 10% after healing at 10°C. The PBmas shows faster healing at a temperature of 20°C and 40°C, which approaches nearly 80% after a healing period of 24 h. The SBSmas shows a limited healing ability at 20°C but a fast healing speed at 40°C.
Strength Recovery
To model the time-temperature dependency of the self healing process, a strength recovery master curve was constructed using a time-temperature superposition principle. An S shaped equation was used as shown in equation (2) , which was similar to the Christensen-Anderson Model for the complex modulus master curves of bituminous binders [18, 19] . The time-temperature superposition shift factor in equation (3) is based on the Arrhenius Equation.
Where:
a T is the time-temperature superposition shift factor m, n are the model parameters ΔE a is the apparent activation energy, J/mol R is the universal gas constant, 8.314 J/(mol·K). Figure 9 shows the strength recovery master curves of both the PBmas and the SBSmas at a reference temperature of 20°C. The related model parameters are shown in Table 1 . It is shown that the PBmas could approach 100% healing in much less time than the SBSmas. Figure 10 shows the cross-section of the PBmas and the SBSmas after fracture. The SBSmas has clearly shining spots in the cross-section compared to the PBmas, which are believed to be the broken SBS molecules. The SBS molecules cover about 25% of the surface area according to the statistical analysis of the photo. Figure 11 presents the morphological measurement of the PBmas at different healing times. The crack is about 150 μm, and the closure of the crack can clearly be monitored over time. After a healing period of 3 h, the crack disappears because of the full closure of the crack. Fig. 9 Self healing master curves of the re-fracture strength of the bituminous mastics at a reference temperature of 20°C Figure 12 shows the morphological measurement during the healing process of the SBSmas. The crack is initially about 100 μm. It is interesting to see that the crack closure speed is much less compared to the PBmas sample. After a healing time of 8 h, a crack can still be observed. Figure 13 compares the development of the crack sizes with the recovery of the re-fracture strength. In Fig. 13 , two phases can be observed namely crack closure and strength gain. It is observed that the full closure of the crack does not mean a total recovery of the re-fracture strength. Once the crack is closed, the bituminous samples may still have micro cracks and air bubbles inside the sample which are not easy to be detected. Further healing time is still needed for the strength gain of the specimen. Hence, the nature of the bituminous binder has a huge influence on the healing process. The healing in this crack phase is believed to be a viscosity driven process [13] .
Morphological Observation
When comparing the two different mastics the PBmas and the SBSmas used in this research, the PBmas shows excellent healing capability in both crack closure phase and strength gain phase. The SBS polymer modification gives a significant improvement of the high temperature and low temperature properties of bituminous binders because of the polymer network. However, the network also absorbs soft components from the bitumen, resulting in a bitumen with a high viscosity. That could be the reason why the SBSmas shows a lower healing speed. In addition, as it is known, the SBS molecules are stable at the test temperatures from 10°C to 40°C, implying that no phase change or physical chemical reactions will happen at these temperatures. Thus the broken SBS molecules can not repair themselves during the healing process, and will act as a "filler" in the bituminous system. Moreover, the broken SBS molecules cause difficulties for wetting and inter-diffusion during the healing process. But this influence is lower at a higher temperature. All these reasons add up to a lower healing speed of the SBSmas.
Conclusions and Recommendations
The self healing capability of bituminous mastics has been investigated using a microscopy coupled fracture-healingre-fracture test procedure. Based on the test data and analysis, the following conclusions can be made:
a. The test procedure is proven to be capable to evaluate the self healing capability of an open crack in a simple and effective way. b. A strength recovery master curve can be obtained with the time-temperature superposition principle.
c.
Healing of an open crack is believed to be a viscosity driven process. The healing process includes two phases: crack closure and strength gain. The completion of the crack closure process does not imply a full recovery of the strength. d. The negative effect of the polymer modification on the self healing capability can be observed clearly. An SBS modified bituminous mastic shows a lower self healing capability than a standard 70/100 penetration bituminous mastic in both crack closure and strength gain phase.
In the future, the research will be focused on further implementation of the simple test procedure for the development of new self healing components and to compare the self healing capabilities of different types of bituminous materials. In addition, instead of evaluating the intrinsic self healing capability of bituminous materials, this simple test procedure can also be applied for evaluating the crack-sealing capability of sealant and joint materials. 
